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solution either floating in the air and waiting to enter the flask as soon 
as it was uncovered, or lying concealed in the oils, ether, and other bodies 
which I regarded as nuclei. The varied behaviour of oils under different 
conditions, as pointed out in my second memoir*, has not been attended 
to ; and because in many experiments in the hands of others oils have 
been inactive, it has been denied that oils have any action at all on 
these solutions. I confess that I was not able to reconcile the results 
as stated by my opponents with my own results, until within the last 
few months, when I set to work to repeat Professor G-renfelFs experi- 
ments, during which it became plain to me, what I had not before 
suspected, that the hygrometric condition of the air has a powerful in- 
fluence on these solutions ; so that under one set of conditions bodies may 
act as nuclei, while under another set they may be inactive, as in the case 
already cited, where sodic acetate solution by exposure during damp 
weather becomes inert even to a crystal of the salt itself. But the exact 
determination of these conditions can only be settled by a further long 
and laborious experimental investigation upon which I am now engaged. 



II. ^^ Notes on Physical Geology. — ^No. III. On a new Method of 
finding Limits to the Duration of certain Geological Periods.^'' 
By the Rev, Samuel Haughton^ M.D. Dubl._, D.C.L. Oxon._, 
F.R.S.^ Professor of Geology in the University of Dublin. 
Received October % 1877. 

In the preceding IS^ote I have proved that the elevation of Asia and 
Europe displaced the axis of maximum inertia through 69 miles t, in the 
direction of the meridian of the Andes, away from Greenwich. The 
axis of rotation being thus separated from the axis of figure by 69 miles, 
or 1°, commenced to revolve uniformly on a right cone round the axis of 
figure, and would continue to do so for ever, if not prevented by friction. 

Astronomers are agreed that the motion of the pole at present is 
secular and very slow, all traces of wabbling caused by the elevation of 
Asia and Europe having disappeared. 

The object of the present note is to discuss the motion of the axis of 
rotation, from the period of the elevation of the continent until (by reason 
of friction) the axis of rotation came again to coincide with the axis of 
figure ; and, if possible, to calculate the absolute length of time that has 
elapsed from the epoch of elevation. 

* Phil. Trans. 1871, pp. 63, 55, 66. See also Proc. Roy. Soc. 1873, p. 210. 

t It is stated, in error, as 207 miles in Note II. (supra, p. 57). All the numerical dis- 
placements are printed three times their proper values, because, through inadvertence, in 
integrating equation (8), 'Note I. page 63, I forgot to divide the numerical coefficient 
by 3. This error affects all the subsequent coefficients. 
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The equations of motion are : — 

A(%+(C— A)2'r dt=Ijdt, ■ 
Mq + ( A -- 0)pr dt = Mdt, 

Cdr zzz'Ndt, 



(1) 



where 



5) 



A = moment of inertia round equatorial axis, 
0= „ 5, „ polar 

r 

L1 
M 

N 



= components of rotation round the axes ^, y, z^ 
inside the earth, 

couples of forces acting round axes ^% y^ z. 



First ApprooGimation, 
Let there be no disturbing forces, then 

A# + (C~A)^rc?fcO, 

A.dq + (A ~ Q)pr dt=zO^ 

Odr =0. 

If we assume 



> . 



(2) 



j)=p cos u, 
q=p sin u, 

p will be the total equatorial component of rotation, and u will be the 
angle made by the meridian of the axis of rotation, with a meridian sup- 
posed jSxed in the body. Transforming (2) to the new variables, we find 

ApcZp=Oj 

Adu—(O—A)rdt = 0, 
Cdr=:0. 



. . . (3) 



Integrating, we obtain 



P = Po^ 



A. -—— /yt 



0» 



t^=w'^-|- const., 
where p^, r^ are the initial values of p, r, and 

, 0-A 






A 



? 



(4) 



or, substituting for 0, A, their values (given in ISTote I. p. 52% 



n = 



304-75 



The preceding integrals show that the motion of the instantaneous 
axis is uniform, and that it moves on the surface of a right cone, whose 

2p2 
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axis is the new axis of maximum inertia, and that this motion by which 
the pole revolves uniformly on a circle of 138 miles diameter, completing 
each revolution in 304*75 days, will continue for ever unless stopped by 
friction. 

In one day the pole moves through 1*423 mile ; but while the solid 
globe (supposed rigid) revolves round each instantaneous axis in succes- 
sion, it is not so with the ocean, which tends to revolve round yesterday's 
axis until compelled to revolve round today's axis by the friction of the 
ocean against its sea-bed. This friction may be thus taken account of. 



Second App7'ommation. 

In the accompanying figure, let 

OC be the new axis of figure, 

OA „ the fixed meridian from which the angle u is measured, 
Oy „ yesterday's axis of rotation, 
„ today's axis of rotation, 

the projection of yesterday's axis on the equator of figure, 
„ the projection of today's axis on the equator of figure, 
the day's path of the pole, 
Oy" „ drawn at right angles to Oy', 
Ot" „ drawn at right angles to O^', 

u=AOy', 
du'=y'Ot', 

dd = aOh=^yOt=t]ie daily angle described on the surface of the 
cone. 



Oy' 
Of 
ah 



?? 



?? 




It is evident that Oy'' is perpendicular to the meridian QOy' (yester- 
day's), and that O^" is perpendicular to the meridian CO^' (today's). 



1877.] The Rev. S. Haughton on Physical Geology, 537 

I£ (p be the angle of separation between the axes of rotation and figure, 
or semiangle of the cone, we have 

c?0=sin f du. 

The soMcl earth revolves with an angular velocity, w, round 05^ (today's 
axis), while the ocean revolves with the same rotation round Oay (yester- 
day's axis). 

Let F be a coefficient depending on the friction between the ocean and 
its bed, and such that, if the ocean be moving relatively to the earth with 
any angular velocity, 

F X angular velocity = couple produced ..... (5) 

Eesolving the angular velocity of the ocean round Oy (yesterday's 
axis) into its components, w^e find the frictional couples 

(1) Eound 00 =]Pw cos ^, 
Round Oy'=:F(A) sin ^, 

Besolving the latter into its components, we find 

(2) Eound Ot"=Yio sin f du, 

(3) Eound Of =^0, sin f (l-^)- 

1. The component of the ocean rotation round 00 being the same as 
that of the solid earth (for yesterday's and today's axes are at the same 
distance from the axis of figure), there is no frictional couple developed 
round 00. 

2. The frictional couple round O^" produces its full effect, for there is 
no rotation of the solid earth round this axis. 

3. The rotation of the solid earth round Ot' is w sin ^, and the compo- 
nent of the ocean rotation falls short of this by the quantity 

, dv? 
~w sm ^ -^. 

Hence we have a frictional couple round this axis, retarding the equa- 
torial rotation and equal to 

-r, . dx^ 
— Jjw sm ^ -— -. 

The frictional component round the axis Oif" is much greater than that 
round O*' ; wherefore, neglecting the latter for the present, and resolv- 
ing the couple round 0^" round the axes x and y, we have, writing 

ps=a;sin^, 

Xidt = — Fp sin u du, 

Mc?^= — Fp cos u du, 

'Edt=zO, 
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The general equations (1) become, therefore, 

AcZp-j- (C— A)5'r dt = — Ep sin u du^'\ 

AcZg'+(A— 0)prc?^=— Pp cost* c?tt, - .... (6) 

Qdr =0. 

Transforming p, q^ into p, t^, we find, after some reductions, 

A(ip = — Fp sin 2te dii, 



A.du=(Q — A)rc?^~-r cos 2u du, 
Cdr=0. 



. . . (7) 



Integrating these equations, and making it, t vanish together, we 
obtain, as a second approximation to the motion of the pole. 



P sin2 u 



-\ 



P = Po^ 



A 



u=n't — - 



¥ sin u cos u 



> 



A 



M —. M 



(8) 



0' 



^ 



These equations show that a secondary wabble of half the period of the 
primary wabble is superadded to the motion of the pole, which continues 
to revolve round the axis of figure in 304*75 days, with the component 
of rotation round that axis always constant ; while the equatorial com- 
ponent has a periodic variation passing through all its changes in 152*37 
days ; and the velocity of revolution of the primary wabble is not uniform, 
but also subject to a periodic variation of 152*37 days, because sin^ u 
and sin u cos u pass through all their changes in half a revolution. 

These results are independent of the magnitude of — , and would hold 

true even if that coefficient were large, which it is not. The motion of 
the pole would continue for ever, compounded of the primary and 
secondary wabbles; and in order to obtain the effects of friction in 
destroying both motions, it becomes necessary to proceed to the third 
approximation. 

Third Approximation. 

"We must now introduce into the equations of motion the frictional 
couple acting round the axis Ot\, viz. 

— ^w mi(^du^. 



Writing for w sin ^ its value p, we find 



F 



"A 



A.dp + (C — A)qr dt== — Fp sin u dii — -^ p <^^^^^ cos u, 

Adgi + ( A— 0)pr dt = — Fp cos udu-^-^p du^ sin u, 
Qdr =0. 



>. 



(9) 



J 
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These equations may be transformed, after some reductions, into the 
following : — 



A.dp 



E 



^ 



= — P sin 2u du — -^ du^, | 



(10) 



/ 



Adu = (0 — A)rdt — E cos 2u du, 

Oc?r=0. 

The second and third of these equations are the same as the second 
and third of (7), and the first may be integrated as follows : — 
The sum of (du^), taken through an entire circumference, is 

:E,(du^) = 27r du. 

Hence, if we assume the value of p to remain constant during a single 
wabble, and then to change by a small quantity, remaining constant for 
the next w^abble, and so on ; if 

Po5 Pv P2 Pn 

be the successive values of p, we have, since the periodic term 

•27r 



sin 2u du 



destroys itself, 






¥du 



XJL 



and, in general, 



or, writing 



&c. &c. ; 



log(^^)= 



nx 



TT 



Fdu 



A 



y- 



IT 



Fdu 



A 



Pl__ 


r^ 


Po 




P2^ 


■•e-\ 


Pi 




&c. 


&c.. 



^ 



> 



(11) 



Po 






The equatorial component of rotation, p, therefore diminishes in geo- 
metrical progression, and finally disappears altogether, leaving the earth's 
rotation round the axis of figure 00 equal to r. 

If we know tbe value of y (depending on tbe friction), we are now 
prepared to calculate from (11) how long it would take to reduce p^ 

to Pn* 
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Suppose 



Po 



;A' = e'W, 



then 



or 



loge ( A^) = ny, 

logeA' 



n = 



y 



(12) 



This equation determines n^ the numbei^ o£ wabbles necessary to reduce 
pQ to pw, where 

p» 
supposed to be a given quantity. 

Let us now proceed to calculate the coefficient o£ friction from the 
retardation of the earth's angular velocity produced by the friction of the 
Tidal Eesidual Current. 

This retardation amounts to one second in the length of the day in 
100,000 years*. 

The accompanying figure shows Newton's construction for the dis- 
turbing force of the moon upon the ocean. The moon lies in the direc- 




tion AC, and the distance of the moon from the earth (=60 AB) repre- 
sents the attraction of the earth at the distance of the moon. The dis- 
turbing force is BO, if AC=3AD. Let AB^r, then the tangential 
component of the disturbing force is 

BC sin 0=3r sin <f> cos ^, 



3r 
Tangential force = ~ sin 2(p, 

2i 



(13 



The relative velocity of the tide is thus founds 

'^ Belaunay, ^Sur le ralentissement du mouyement de rotation de la Terre' (Paris, 



-^ sni 2(j) at. 
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and 



If w be the angular velocity o£ the earth's rotation. 



i7^ 

clv=i — _~ sin 2(p d(j), 
2u) 



3r 

v = — cos 2(p. 



zU) 



Eemembering that the earth's attraction upon the moon is 
per sec, we have 



89 



10000 



(14) 



ft. 



8r_ 3x89x86400 
4w"~4x 60 X 10000 x27r 



1*53 ft. per sec. 



If AC be the line joining the earth and moon, the relative velocity of 
the tide will be zero at the points e, f, g, h ; the maximum easterly velo- 




city will occur at A and C, and the maximum westerly velocity at B 
and D *. If r were constant these velocities would be equal and opposite, 
and the earth's rotation would not be aifected by them ; or, in other words, 
there would be no Eesidual Tidal Current ; but since in reality the axis 
BD exceeds the axis AC by some feet, the greatest westerly velocities 
will exceed the greatest easterly velocities, and thence will result a 
balance of tidal current retarding the earth's rotation and lengthening 
the day. 

If &, a denote the lesser and greater semiaxes of the disturbed water 
surface, and 



a 



* From / to g, and from h to e, the water is moying faster than the earth , and from 
g to h, and from e to /, the water is moving slower than the earth. 
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we shall have 

Maximum Westerly Current at B and D= 



Maximum Easterly Current at A and C = 



35 



4a>' 

TA • Oft tjCV 

jL)iiierence=-- e. 
4w 

From (14) we have, 

3r 

vd(p = — - cos 2(j> d(f) ; 

4w 
but 

r=a(l— ecos^0), (15) 

therefore 

3a 
vd(^ = -— cos 2^(1 — e cos^ ^)d^' 

This is to be integrated all round the circumference, in which process 
the periodic terms disappear, and we find 

yd(j)=-- - M — i. jcos2(^<:^0— ^M + cos40jcZ^ i ; 

and, finally, 

^^TT ga ire ^^ ^. 

J„ '^^'^-r.''^ (16) 

The mean radius of the earth is 

3958 miles =3958x5280 ft. =20,898240; 

say 21 million ft. ; hence, assuming a—h=:3 ft., 

_ 1 , 

^ 7,000000' 
therefore 

1*53 TT 

Eesidual Tidal Current = —_--_--—- x ~ ft. per second. 

7,000000 2 ^ 

The angular velocity of the Eesidual Tidal Current will therefore be 

1-53 TT 

X 



7,000000x21,000000 2 
The retardation of angular velocity caused by friction is equal to 

F X time X angular velocity 

moment of inertia 
or 

F 1-53^ TT 

C ^ 7,000000 X 21,000000 ^ 2* 



(5) 
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This retardation (according to Adams and Delannay) amounts to one 
second in tlie length of the day during 100000 years -, hence we obtain 

the following equation to determine the value of ^ : — 

F 1-53 X 100000 X 365-25 X 86400 w 1 



Q^ 7,000000x21,000000 "^2^86400* 

Hence, finally, 

F 2 7,000000X21,000000 

X 



(17) 



0"^" TT ^ 1-53 X 100000 X 365-25 X (86400)2' 
which gives 

F_ 1 

C~4457' • • • • 

We have already defined 

But chi is the daily change of angle in the position of the eq^uatorial 
axis of rotation, p, and is equal to 

7 2iTT 

""30¥75' 
P 1_ 

0"~4457' 
307 



Hence 



which gives 



y- 



r- 



A 306' 
27r' X 307 



4457 X 306 x 304-75' 
1 



68,588 

We are now in a condition to apply equation (12) to determine how 
long it would take to destroy a wabble of 69 miles, if suddenly produced. 

Our astronomical instruments are now so perfect that an annual dis- 
placement of 10 ft. in the pole could be detected. This would correspond 
with a radius of 5 ft., instead of 69 miles, for our wabble. 

Hence 



Hence 



pn 

ti=!2^= log, (72,864) x 68,588. 

y 

= 767,940 wabbles, 
=|5JJfx 767,940 years, 
= 640,730 years. 
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Prom the preceding invesfcigation it appears, if Asia and Europe were 
manufactured, per sciUum, causing a sudden displacement of the axis of 
figure through 69 miles, that this event cannot have happened at an 
epoch less than 641,000 years before the present time, and that this 
event may have occurred at an epoch much more remote. 

It is highly improbable that the elevation of the nummulitic lime- 
stone took place so rapidly; and I shall therefore discuss several cases of 
supposed slower elevation. 

1, Let the displacement of the axis of figure caused by the manufac- 
ture of Asia and Europe have been due to 69 geological convulsions, 
each of which displaced the axis of figure through one mile, and let the 
radius of the wabble be reduced from one mile to 5 feet in the interval 
between each two successive convulsions. 

From equation (12) we have 

The interval between two successive convulsions 

= log, f^^') X 68,588, 

=477,520 wabbles, 
= 398,420 years. 

Total time occupied in the manufacture of Asia and Ewvpe 

= 398,420x69, 
= 27,491,000 years ; 

say, 27 1 million years. 

Erom this it also appears that no geological change, altering the position 
of the axis of figure through one mile, can have taken place within the past 
400,000 years. 

2. Let us suppose that the Earth's wabble has the minimum observable 
radius of 5 ft., and that geological changes take place at such a rate that 
the increase of this radius is exactly destroyed by friction during each 
wabble, so that the radius of 5 ft. continues constant. 

We now have 

5 + z 



A. ' 



5 



where ^ is the displacement of the axis of figure during 305 days, 
Equation (12) becomes 



log/l-|-)x 68588^1, 



or 

13718 
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At this rate o£ geological change the total time required for the manu- 
facture of Asia and Europe would be 

69 X 5280 X 13718=499'7,600,000 wabbles, 

= 4170 million years. 

Assuming the minor limit of the epoch of the elevation of the nummu- 
litic limestone to be 640,000 years, we can assign an approximate minor 
limit to the whole period during which stratified rocks have been forming 
on the surface of the globe, assuming the rate of deposition to have been, 
on the whole, constant. 

The following Table gives the approximate thickness of the several 
geological strata in Europe : — 

tggIj 

1. EozoTC 26,000 

' Lower Silurian 25,000 

\ Upper Silurian 5,500 

( Devonian 9,150 

3. Upper Paleozoic . . . . \ Carboniferous 14,600 

I Permian 3,000 

rTriassic. 2,200 

Jurassic 4,590 

4. Neozoic ^ Cretaceous 11,283 

Nummulitic 3,000 

.-Tertiary 6,000 



2. Lower Palaeozoic. 



Total 110,323 

The proportion which the total thickness of strata bears to that of 
the Tertiary beds is as 

110,323 to 6000. 

Hence the minor limit assignahle to geological time is 

110323 X 640730 



6000 



11,700000 years, 



or 12 million years in round numbers. 

It is extremely improbable that the continent of Asia and Europe was 
formed 'per saltum, and therefore our minor limit of time is probably far 
short of the reality. 

If Europe and Asia were formed in a million years, which is 27| times 
as rapid as supposition No. 1, the total duration of geological time would 
be nearly 37 millions of years. 

Whatever may have been the time actually employed in the manufac- 
ture of Asia and Europe, that process must have increased the length of 
day by an amount which may be thus calculated :-— 
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Let Wjj and r^ be the original and present angular velocity, and p^ the 
equatorial component which is destroyed by friction. Then 



^=v/'-^'=i+K^T- ^^®^ 



But 



r 



therefore 



(i). 



T 




; 1-00015234 



Hence the original length of the day was 

??^^_.=86386'8 seconds. 

1-00015234 

Hence the formation of Asia and Europe had the effect of lengthening 
the day by 13*2 seconds, no matter at what rate the formation took place. 



III. ^^ On certain MoTements of Radiometers.^^ By G. G. Stokis, 
M.A.^ Sec. R.S. Received November 1^ 1877. 

J^early two years ago Mr. Crookes was so good as to present me with 
two of his beautiful radiometers of different constructions, the disks of one 
being made of pith, and those of the other of roasted mica, in each case 
blackened with lampblack on one face. With these I was enabled to make 
some experiments, having relation to their apparently anomalous move- 
ments under certain circumstances, which were very interesting to myself, 
although the facts are only such as have already presented themselves to 
Mr. Orookes, either in the actual form in which I witnessed them, or in 
one closely analogous, and have mostly been described by him. Although 
it will be necessary for me to describe the actual experiments, which have 
all been repeated over and over again so as to make sure of the results, I 
do not bring forward the facts as new. My object is rather to endeavour 
to coordinate them, and point to the conclusions to which they appear to 

lead. 

I do not pretend that these conclusions are established ; I am well 
aware that they need to be further confronted with observation ; but as I 
have not leisure to engage in a series of experiments which would demand 
the expenditure of a good deal of time, and have lately been urged by a 
friend to publish my view^s, I venture to lay them before the Eoyal Society, 
in hopes that they may be of some use, even if only in the way of stimu- 
lating inquiry. 

In describing my experiments I will designate that direction of rotation 
in which the white face precedes as positive, and the reverse as negative. 



